Proteins that are exported from the cytosol by the Sec pathways of either prokaryotes or eukaryotes have special features that promote efficient translocation across membranes. These features include the amino-terminal hydrophobic signal sequences that are cleaved during the translocation process. Furthermore, some feature of the protein or of the export process must ensure that the protein does not fold into its stable three-dimensional structure in the cytoplasm, which would prevent export. A protein may be maintained in an exportcompetent state in several different ways: (i) the protein may be translocated across a membrane simultaneously with translation of the protein, thus ensuring that not even its secondary structures are formed in the cytoplasm; (ii) for proteins that are not translocated simultaneously with translation, chaperones or antifolding factors may prevent folding in the cytoplasm (25) ; (iii) in some cases, signal sequences act as intrapolypeptide chaperones to prevent rapid folding (19) ; and (iv) proteins that are exported posttranslationally may have features in their final structures (e.g., disulfide bonds) that do not form in the environment of the cytoplasm so that the proteins cannot attain their final folded conformations in the cytoplasm (8) .
In eukaryotes, the signal recognition particle (SRP), made up of six proteins and an RNA molecule, directs rapid cotranslational translocation of many proteins (20) . Protein synthesis itself is thought to provide the energy to push the proteins through the endoplasmic reticulum membrane-embedded translocase. The prokaryotic SRP is composed of one protein (Ffh) and a 4.5S RNA and is probably mainly involved in the cotranslational assembly of integral membrane proteins (20) . In eubacteria, most, if not all, proteins with cleavable signal sequences are thought to be exported by a relatively slow, partially posttranslational pathway (13) ; that is, they do not begin to pass through the SecYEG translocase in the cytoplasmic membrane until substantial amounts of the polypeptide chain have been synthesized in the cytoplasm. The energy for this translocation is thought to come from the ATPase activity of the SecA component of the translocase.
Many, but not all, slowly exported Escherichia coli proteins bind the chaperone SecB, which prevents the large nascent polypeptide from folding into a conformation that would interfere with translocation (19) . Among such proteins is the maltose binding protein (MBP) encoded by the malE gene; in a secB mutant, MBP folds in the cytoplasm and is inefficiently exported (4, 16) . Mutations in the mature portion of MBP that interfere with folding of the protein restore substantial amounts of export of the protein in a secB background (5) . Similar folding mutations were obtained with ribose binding protein and MBP containing signal sequence alterations, although ribose binding protein export is not SecB dependent (18, 27, 32) .
Workers in numerous laboratories have encountered difficulties in translocating cytoplasmic proteins across the membrane into the periplasm. In many cases, the inefficient export may be explained by the more rapid folding of these proteins in the cytoplasm than of proteins destined to be secreted. It can be imagined that cytoplasmic proteins, in contrast to, for example, periplasmic proteins, have evolved to fold more rapidly and to avoid antifolding factors. For example, it has been shown that when the signal sequence of the periplasmic enzyme alkaline phosphatase (PhoAss) is fused directly to the cytoplasmic protein thioredoxin 1 (referred to below as thioredoxin), very little (perhaps a few percent) of the thioredoxin reaches the periplasm (6). This result was explained by the proposal that thioredoxin, which is known to have a rapid protein folding pathway, assembles into its stable three-dimensional structure before it has a chance to be exported by the Sec pathway. However, Jonda et al. (11) reported that with an analogous fusion in which the signal sequence of DsbA (a periplasmic disulfide bond oxidoreductase) (DsbAss) is fused directly to thioredoxin, the thioredoxin is efficiently translocated into the periplasm.
We decided to explore the strikingly different efficiencies of export of thioredoxin by PhoAss and DsbAss. The results reported here indicate that DsbAss directs thioredoxin to the SRP pathway, where cotranslational translocation obviates the inhibitory effect of protein folding on export. Analogously, when DsbAss is fused to MBP, it directs MBP to the SRP pathway, thus bypassing the usual posttranslational export of MBP and obviating the requirement for the SecB antifolding factor. Our results show that even when export is proceeding via the SRP pathway, reductions in SecA activity interfere with this export. These findings indicate that SecA plays a role in cotranslational export. They also suggest that, via gene fusion analysis, thioredoxin can provide a sensitive assay system for signal sequences that direct proteins to the SRP pathway.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains and plasmids used are listed in Table 1 . Cells were generally grown at 37°C in NZ medium, which has been described previously (26) . For pulse-labeling, cells were grown in minimal glucose medium (M63 salts with 0.2% glucose, 1 mg of vitamin B 1 per ml, 1 mM MgSO 4 , and a solution containing 18 amino acids, each at a concentration of 50 g/ml [methionine and cysteine were not included in the amino acid solution]). Strains containing secB mutant alleles were grown in minimal glycerol medium (M63 salts with 0.2% glycerol, 1 mg of vitamin B 1 per ml, and 1 mM MgSO 4 ). Temperature-sensitive secA mutant strains were grown at 30°C for permissive growth and were shifted to 37°C for nonpermissive conditions. Antibiotic selection was maintained for selected markers at the following concentrations: ampicillin, 200 g/ml; chloramphenicol, 10 g/ml; kanamycin, 40 g/ml; tetracycline, 15 g/ml; and rifampin, 100 g/ml. Induction of lac promoter constructs was accomplished by addition of isopropyl-␤-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM.
Strain and plasmid construction. Standard genetic and molecular techniques were used for strain and plasmid construction (21, 29) . Plasmids containing only signal sequences were generated by digesting the parent plasmid with NcoI and ligating in a double-stranded oligonucleotide with compatible cohesive ends. This resulted in elimination of the NcoI site at the 5Ј end of the signal sequence and retention of an in-frame NcoI site at the 3Ј end of the signal sequence, which served as an acceptor for coding regions of proteins to be exported. As we found that the DsbAss-TrxA and MBP signal sequence (MBPss)-TrxA constructs were expressed at different levels when they were fused to the trc promoter of pTRC99a, we incorporated the two constructs into different versions of pTRC99a carrying trc promoters with different transcription efficiencies (plasmids pDSW204 and pDSW206). This was done to ensure that the two thioredoxin constructs were expressed at comparable levels.
Fractionation. Cells were grown as described above to saturation and then subcultured 1:100 and grown to an optical density at 600 nm of 0.5. Cultures were centrifuged, and pellets were resuspended in 50 mM Tris (pH 8)-18% sucrose-1 mM CaCl 2 . EDTA (0.5 mM) and lysozyme (0.5 g/ml) were added, and samples were left on ice for 30 min before centrifugation at 3,140 ϫ g in a bench top centrifuge for 5 min. The supernatants and pellets were used as periplasmic and spheroplast fractions, respectively.
Western blotting. Cell extracts were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes by using a semidry apparatus obtained from Bio-Rad. The membranes were probed by using laboratory stocks of antiserum. Rabbit antithioredoxin and anti-␤-lactamase antibodies for probing membranes were obtained from Sigma and 5Ј-3Ј, respectively. All other antisera used for probing membranes were obtained from laboratory stocks. Immunodetection was done by using the ECL protocol (Amersham) and streptavidin-horseradish peroxidase.
Labeling with [ 35 S]methionine and immunoprecipitation. Cells were grown at 37°C in M63 salts supplemented with all the amino acids except methionine and cysteine, 0.2% glucose, and 1 mM IPTG. When the culture reached an optical density at 600 nm of approximately 0.2, aliquots for the control sample were removed, and 3 mM azide was added for 5 min. The cells were labeled with 60 Ci of [ 35 S]methionine per ml and 10 g of methionine per ml to give a final methionine concentration of 90 mM for 15 s. For identification of polypeptides with or without their signal peptides, standards were prepared by labeling for 5 min in the presence or absence of azide, which allowed full incorporation of [ 35 S]methionine. Labeling was terminated by addition of trichloroacetic acid to a concentration of 5%, and the resultant precipitate was washed once with acetone to remove the excess trichloroacetic acid. Samples were resuspended in 3ϫ loading dye (Sigma B7709S) and were immunoprecipitated by using anti-MBP antibodies and protein A as described previously (15) . Three immunoprecipitated samples were pooled and resolved in an SDS-PAGE gel. This gel was designated the first-dimension gel.
Estimating signal sequence hydrophobicity. The hydrophobicity of the signal sequences was assessed by using an algorithm modified from the algorithm of Boyd et al. (3) . The software scanned a given sequence by using various window lengths (in amino acids) and recorded the average hydrophobicity of the most hydrophobic window. Using three different previously published hydrophobicity scales (3) and various window lengths (ranging from 6 to 13 amino acids), we found that DsbAss consistently appeared to be more hydrophobic than MBPss and PhoAss.
Two-dimensional limited proteolysis.
The method used to analyze processing of nascent chains by limited proteolysis has been described previously (14) . The same principles were applied for analysis of the processing of MBPss-MBP and DsbAss-MBP. The entire lane from the first-dimension SDS-PAGE gel containing the polypeptides to be digested was excised and laid lengthwise on top of a second SDS-PAGE gel. The samples were subjected to limited proteolysis by Staphylococcus aureus V8 protease in the stacking gel. The gel was dried and subjected to fluorography by using sodium salicylate as a fluor, as described previously (2). 
RESULTS
Comparison of efficiencies of thioredoxin export by different signal sequences. Previous experiments examining the export of thioredoxin by PhoAss and experiments of Jonda et al. in which DsbAss was used were performed with different plasmids and promoters (6, 7, 11) . Therefore, we first verified the previously reported differences in export efficiency by cloning both constructs into derivatives of the same plasmid in which the constructs were under the control of a version of the lac promoter (trc) (see Materials and Methods). The expression and secretion of thioredoxin were studied in a strain in which the chromosomal gene (trxA) encoding thioredoxin was deleted. Western blotting with thioredoxin antibody resulted in findings that replicated the differences reported by Jonda and coworkers: PhoAss allowed export to the periplasm of only a tiny fraction (a few percent) of thioredoxin, while DsbAss efficiently exported the same protein (in some experiments up to 100% of the protein was exported) (Fig. 1) . We also examined the ability of a third signal sequence, that of MBP, to promote export of thioredoxin. MBPss was fused directly to the amino terminus of thioredoxin. In this case, we found that there was inefficient export of thioredoxin, comparable to that seen with PhoAss (Fig. 1) .
These results led us to consider two general explanations for the different efficiencies of the three signal sequences: (i) DsbAss acted as an inhibitor of the folding of thioredoxin, thus allowing effective posttranslational export; or (ii) DsbAss was able to direct more rapid engagement of the protein with the secretory machinery.
DsbAss promotes export of proteins by the SRP pathway. We next attempted to determine differences between the signal sequence that efficiently exported thioredoxin (DsbAss) and the two signal sequences that did not (PhoAss and MBPss). The most obvious feature to examine was the levels of hydrophobicity of the three signal sequences. Using different methods for estimating hydropathy, we consistently found that DsbAss was significantly more hydrophobic than the other two signal sequences (data not shown) (see Materials and Methods). Since at about this time Lee and Bernstein (17) reported that they had engineered cleavable signal sequences with higher hydrophobicity than normal and that proteins attached to such signal sequences were exported by the SRP pathway, we asked whether the DsbAss-thioredoxin fusion protein was dependent on the SRP pathway for export. This possibility appeared to be a satisfying explanation for our results, as the rapid folding of thioredoxin might require a truly cotranslational mode of export for the protein to be translocated into the periplasm.
Strains carrying mutations in the genes for SRP components have been described previously (33, 34) . These strains are viable, as the mutations have only weak effects on the pathway. Such mutants are useful for critically analyzing the dependence of proteins on the SRP pathway, as mutations in the depletion strains ordinarily used in such studies have more profound consequences for cell physiology and the observed effects may be indirect. We constructed strains expressing the DsbAssthioredoxin fusion from a plasmid in a background containing a trxA deletion and an ffh (viable) mutation. In this strain thioredoxin export was reduced by 40% compared to the export in an Ffh ϩ strain (Fig. 2) ; that is, the wild-type strain contained very little thioredoxin in the cytoplasm, while nearly one-half of the thioredoxin was localized to the cytoplasm in the ffh background.
These results lend themselves to a straightforward interpretation of the differences between the efficiency of export of thioredoxin when it is fused to PhoAss or MBPss on the one had and the efficiency of export of thioredoxin when it is fused to DsbAss on the other. The first two signal sequences are comparatively weakly hydrophobic and are capable of directing export only by the slow (non-SRP) pathway. In this pathway, thioredoxin, which folds rapidly in the cytoplasm, has ample time to assemble into its three-dimensional structure, thus preventing export. In contrast, DsbAss directs thioredoxin to export through the rapid cotranslational SRP pathway. In this case, the protein is exported before it has a chance to fold. If this interpretation is correct, then we would predict that DsbAss could promote export of other proteins via the SRP pathway. MBP appeared to be an excellent candidate to test this prediction as export of this protein has been well characterized. Wild-type MBP is exported via the slow pathway and thus requires the SecB chaperone to maintain it in an exportcompetent state. When we fused DsbAss to the mature sequence of MBP, we found that the protein was exported efficiently, even in the absence of SecB, in contrast to MBP containing its native MBPss (Fig. 3) .
We also asked whether an SRP mutation would interfere with DsbAss-MBP export in a strain carrying an ffh mutant which was otherwise wild type (SecB ϩ ). In contrast to the results obtained with DsbAss-thioredoxin, the export of DsbAss-MBP was not affected by the SRP mutation (Fig. 4) . This is not surprising and even was expected, as (i) the effects of the ffh mutation are weak and (ii) in the somewhat defective SRP background DsbAss-MBP should still be perfectly capable of utilizing the posttranslational pathway especially because of the presence of SecB. However, this interpretation predicted that in an ffh secB background, in which both co-and posttranslational pathways should be partially disabled, defects in MBP export would be seen. This was the case (Fig. 4) .
We wished to ask directly whether the export of DsbA itself was affected by ffh mutations. We were able to detect the effects of an ffh mutation on MBP export because of the reliance of MBP on SecB when it is exported posttranslationally. However, DsbA, like many cell envelope proteins, is not SecB dependent (data not shown). This is either because DsbA is one of the proteins that use the posttranslational pathway without a SecB requirement or because it is uses the SRP pathway and therefore does not need SecB. At any rate, we found that DsbA export was not affected in the ffh secB mutant strain (data not shown). Thus, we were not able to establish whether DsbA is normally exported by the SRP pathway by this means. We might have used strains from which SRP components could be depleted to assess DsbA export, but we chose not to take this approach as (i) depletion experiments can result in broader effects on cell physiology, making interpretation difficult, and (ii) given the results obtained with MBP, it is likely that if SRP were disabled, DsbA could still be exported efficiently by the Sec pathway.
Direct evidence for enhanced cotranslational export directed by DsbAss. Our evidence to this point was consistent with the proposal that DsbAss promoted rapid cotranslational export of proteins via the SRP pathway. To test this model directly, we employed a technique developed by Linda Randall and coworkers to analyze the processing of nascent polypeptides (14) . In this experiment, the processing of signal sequences was used as an indication that the polypeptide had been translocated. Previous studies showed that the transmembrane translocation of several Sec-dependent exported proteins did not occur until substantial amounts of the polypeptide chain had been synthesized. In the case of MBP, it appeared that at least 50% of the mature MBP was synthesized before signal sequence cleavage took place (13) .
To analyze the timing of signal sequence processing relative FIG. 3 . DsbAss alleviates the SecB dependence of MBP export: Western analysis of fractionated extracts from secB mutant cells expressing wild-type MBP (MBP) (CFS406/pCFS127) or MBP with its signal sequence replaced by that of DsbA (DsbAss-MBP) (CFS406/ pCFS128). DegP and ␤-lactamase were included as examples of SecBdependent and SecB-independent protein export, respectively. T, total extract; P, periplasmic fraction; C, cytoplasmic fraction plus cytoplasmic membrane fraction. to translation, immunoprecipitated MBPss-MBP and DsbAss-MBP polypeptides were fractionated by electrophoresis in a preparative SDS-PAGE gel, and the fractionated polypeptides were subjected to partial proteolysis in a second dimension. This treatment removed the heterogeneous C-terminal ends of nascent polypeptides, resulting in proteolytic products of defined length that either contained or lacked the signal sequence. To identify the characteristic signal sequence-bearing peptide (pЈ in Fig. 5 ), the same manipulations were performed with immunoprecipitated precursor MBPss-MBP or DsbAss-MBP prepared by labeling cells in the presence of the SecA inhibitor sodium azide. This standard was applied to the second-dimension gel at the position indicated in Fig. 5 . The characteristic processed peptide lacking its signal sequence (mЈ in Fig. 5 ) was identified in an analogous manner by using mature MBP prepared by long-term labeling.
To analyze the processing of nascent polypeptides, strains expressing MBPss-MBP or DsbAss-MBP were pulse-labeled for 15 s, and radiolabeled nascent polypeptides, as well as fully elongated radiolabeled proteins, were recovered from extracts by immunoprecipitation with anti-MBP antiserum. The nascent polypeptides were separated from the fully elongated polypeptides by preparative SDS-PAGE. Second-dimension proteolysis of these samples demonstrated that horizontal streaks comigrating at the positions of pЈ or mЈ could be detected. The streaks arose due to proteolytic cleavage of nascent polypeptides whose first-dimension mobility was greater than that of fully elongated proteins.
When MBPss-MBP was analyzed in this manner, both signal sequence-bearing and processed nascent polypeptides were observed (Fig. 5) , which is consistent with previous observations (12) . In contrast, when DsbAss-MBP was analyzed, only processed nascent polypeptides were observed (Fig. 5) . Therefore, cotranslational processing of MBP was strongly enhanced by DsbAss, and posttranslational processing was not observed. For both proteins, treatment of the cells with sodium azide prior to and during labeling reduced the amount of cotranslational processing and increased the amount of posttranslational processing (Fig. 5) , indicating that SecA was involved in the export of both proteins.
The results are consistent with a model in which DsbAss allows more rapid export of MBP via the SRP pathway. Whether DsbAss-MBP was translocated absolutely simultaneously with its synthesis could not be determined by these experiments due to the large size of the fragment that was generated by partial proteolysis.
We noted that export of DsbAss-MBP was significantly less sensitive to azide than export of normal MBP was. This difference and the finding that inhibition with SecA had an effect are discussed below.
Role of SecA in export promoted by DsbAss. A favored explanation for the difference between the posttranslational and cotranslational pathways of export in E. coli is that the former uses the ATPase activity of SecA to push proteins through the membrane-embedded translocase and the latter uses the energy of protein synthesis for the same purpose. If this explanation for the role of SecA described its entire function in protein export, then SecA would not be required for cotranslational export via the SRP pathway. We studied this question by examining the effect of inhibition or partial inactivation of SecA on the export of proteins carrying DsbAss. We showed previously that in the case of DsbAss-MBP, the requirement for SecB, a protein whose function is to interfere with protein folding of some secretory proteins, disappears. However, as mentioned above, inhibition of SecA by sodium azide does cause some accumulation of the precursor of DsbAss-MBP, although the amount is considerably less than the amount seen with MBPss-MBP. This difference in the sensitivities of the two constructs was seen repeatedly under different sodium azide treatment conditions. In some experiments, no effect was seen on the DsbAss version of MBP (data not shown). In addition, we observed a difference in the effects of a secA(Ts) mutation on DsbAss-MBP and MBPss-MBP; the former was always less sensitive to inactivation of SecA. It may be that the more rapid delivery of the DsbAss-MBP protein to the translocation machinery allows it to compete more effectively for the available functional SecA.
Therefore, we examined the SecA dependence of thioredoxin export by DsbAss. Figure 6 shows the results of experiments in which the secA(Ts) mutant was grown at the permissive temperature (30°C), at which the secretion defect can be quite weak depending on the protein examined. Despite the permissive nature of the mutation, we observed a very strong defect in export of the DsbAss-thioredoxin fusion protein.
These results indicate that export of passenger proteins fused to DsbAss, thus directing them to the SRP pathway, still requires SecA.
Finally, we examined the intact DsbA (DsbAss-DsbA) protein itself to determine its dependence on SecA. The export of DsbA was strongly inhibited in a secA(Ts) culture that was grown at 30°C and switched to 37°C for 2 h (Fig. 7) . Under these conditions, large amounts of DsbA were found in the cytoplasm, whether the DsbA was expressed from its chromosomal locus or from a plasmid. The cytoplasmic location of DsbA was further verified by demonstrating that its two cysteines were in the reduced form, in contrast to their existence in disulfide-bonded form when they are located in the periplasm (data not shown). (Note also that this was one of the experiments in which DsbAss-MBP was insensitive to the interference with SecA activity.) Inhibition of SecA by azide also resulted in inhibition of DsbA export (data not shown).
DISCUSSION
Cleavable bacterial signal sequences engineered to increase their hydrophobicities direct their passenger proteins to the proposed cotranslational SRP pathway of protein export (17) . Previously, Ng et al. (22) showed that the signal sequences of yeast proteins that utilize the SRP pathway are more hydrophobic than those that use the alternative posttranslational pathway. Recently, a native cleavable signal sequence of an E. coli protein was shown to enter the SRP export pathway (23) have shown that the components of the bacterial SRP can replace their eukaryotic counterparts in an in vitro system promoting cotranslational membrane translocation of proteins, there has been no evidence for cotranslational protein export in bacteria. Our experiments showed that replacing the native signal sequence of MBP with that of DsbA dramatically alters the pattern of MBP translocation. MBP with its own signal sequence is translocated slowly in a largely posttranslational manner. In contrast, MBP exported by the DsbAss version of MBP is not detectably exported posttranslationally. A definitive conclusion concerning whether the SRP pathway shifted the export of the latter construct to a purely cotranslational mode was limited by the detection technique which we used. The low molecular weight of the thioredoxin molecule makes it a poor candidate for the same approach to demonstrate its cotranslational export by DsbAss.
However, the very properties of thioredoxin export that led us into these studies are most easily explained by attributing to DsbAss a cotranslational mode of export. In particular, we believe that the fact that the rapidly folding thioredoxin cannot be exported by PhoAss and MBPss is due to utilization of the slow posttranslational export pathway by these signal sequences. In the case of these two signal sequences, we imagine that thioredoxin folds into a stable structure before it can be exported. With DsbAss, thioredoxin never has a chance to fold if its translocation across the membrane is initiated as soon as the polypeptide begins to emerge from the ribosome.
These properties of thioredoxin provide an exquisitely sensitive assay system for the functioning of the SRP pathway and for the signal sequences that utilize this pathway. An indication of the sensitivity was provided by the finding that mutants with only weak defects in the SRP pathway showed dramatic effects on the export of thioredoxin by DsbAss. Thus, according to our explanation, a slight slowing down of this pathway is sufficient to give thioredoxin time to fold and prevent its own export. We are currently using this sensitivity to examine other signal sequences for the ability to direct thioredoxin to the SRP pathway. An analysis of the properties of these signal sequences may allow us to refine the criteria for defining the properties of signal sequences that can utilize this pathway. The identification of such signal sequences may also be useful for engineering fusions to improve the efficiency of translocation of difficult-to-export proteins, such as those of biotechnological interest.
Our findings suggest that signal sequences that direct proteins to the SRP pathway are not restricted to the use of this pathway. They are not SRP dependent. In the case of the DsbAss-MBP fusion, in the strain background with the weakened SRP system, MBP is still efficiently exported, but it is dependent on SecB for export again. Thus, it appears that when efficient export by the SRP pathway is interfered with, DsbAss-MBP is perfectly capable of entering the slower posttranslational pathway. We believe that findings such as these raise significant problems for the utilization of strong SRP mutants (e.g., depletion strains) in studies of protein export. Such mutants make it likely that when membrane proteins are blocked from entering the SRP pathway, they may enter the posttranslational pathway, thus overwhelming that system and blocking export of the proteins normally exported by this pathway. Thus, the effects of such mutants on the latter class of proteins would be a second-order consequence of blockage of the SRP pathway. The use of weaker SRP mutants, such as the ffh mutant used here, which has little or no effect on the growth of the bacteria, would be preferable for such studies.
The unexpected result from our point of view was the finding that export of proteins with the SRP pathway is SecA dependent (when thioredoxin and MBP are fused to DsbAss). In addition, the export of DsbA itself is SecA dependent. Current models for protein export suggest that cotranslational export directly utilizes the energy of protein synthesis that occurs while ribosomes are bound to the translocase. They propose that posttranslational export utilizes the energy generated by the ATPase of SecA for the translocation process. According to this simple model, when a protein such as thioredoxin is exported cotranslationally, it should no longer require SecA for translocation.
The results of previous studies are contradictory in terms of the role of SecA in insertion of proteins into the cytoplasmic membrane and translocation of the hydrophilic domains (1, 10, 24, 28, 30, 35, 37) . Thus, the role of SecA in proteins that utilize the SRP pathway is not completely understood. We can imagine several explanations for our finding of SecA dependence of proteins directed to the SRP pathway by DsbAss: (i) although we avoided using depletion conditions for SecA in our experiments, all the conditions which we did use might lead to a considerable backup of proteins at the membrane translocase, resulting in blockage of protein export for proteins that do not directly require SecA (e.g., SRP-dependent proteins); (ii) SecA, in addition to using its ATPase activity for the translocation process, may also be an integral part of the translocase itself and is therefore required for export of all proteins through this complex; and (iii) neither protein export pathway is truly cotranslational (i.e., entirely simultaneous with translation), and therefore SecA is required to provide energy for translocation of all proteins. SRP may cotranslationally direct proteins to the membrane, but the ribosome-membrane contact does not provide the energy for translocation, or such contact is not made. The latter explanation could mean that DsbAss-thioredoxin is not translocated simultaneously with translation. However, since the most compelling interpretation of our data on the export of thioredoxin by different signal sequences is that the folding of thioredoxin must be prevented in order for export to occur, an explanation other than cotranslational translocation must be offered for the maintenance of the protein in the unfolded state. One possibility is that the cotranslational delivery of thioredoxin to the membrane-imbedded translocase is sufficient to maintain the protein in the export-competent conformation, perhaps through interaction with SecA itself.
Finally, it is interesting to consider whether there is an advantage to having some proteins with cleavable signal se-quences exported by the SRP pathway, while other proteins are exported by the cotranslational pathway. Although we have not directly demonstrated that the DsbA protein itself uses this pathway, the fact that its signal sequence promotes SRP pathway export of MBP and thioredoxin makes this a plausible assumption. Assuming that DsbA is exported via the SRP pathway, we can conceive of two possible explanations for why this might be the case. First, DsbA is a protein that is important for the folding of a number of other cell envelope proteins (those containing disulfide bonds). Thus, its cotranslational transfer across the membrane might ensure that it is exported rapidly, perhaps under conditions under which there is competition for export. Second, DsbA is a member of the thioredoxin family of proteins. If its export were to occur posttranslationally, its interaction with other proteins in the cytoplasm, such as thioredoxin reductase, or substrates of thioredoxins might interfere with its export.
